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Abstract 
During the last decades, there has been an increasing interest in the cement industry to incorporate pozzolanic materials to 
cement in order to reduce CO2 emissions, and increase the strength and durability of mortars and concretes. In this work, 
the potential use of two thermically activated kaolinitic clays as pozzolanic materials coming from different deposits of 
Argentina, is studied. Both Kaolinitic clays have different kaolinite content and a different order-disorder structure. After 
thermal treatment and grinding, their pozzolanic properties were studied on blended cement containing 30% of calcined 
clays. It was determined that mortars containing calcined clay with a higher percentage of kaolinite and certain disorder 
degree in its crystallinity previous to calcination, developed higher resistance to compression. This can be attributed to 
larger quantity of hydration products caused by the pozzolanic reaction, which also produces a better pore size 
arrangement. To conclude, when kaolinitic clays are used as pozzolana, kaolinitic percentage and structural disorder are 
variables to be taken into account. 
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1. Introduction 
During the last decades there has been an increasing interest in the cement industry to incorporate 
pozzolanic materials to cement in order to reduce CO2 emissions, and increase the strength and durability of 
mortars and concretes. Pozzolanas are silicoaluminate materials that, at ambient temperature and in the 
presence of water, react with the Ca(OH)2 obtained during cement hydration to produce a cementing 
compounds. Pozzolanic properties of metakaolin (MK) are widely known. This material is obtained by 
calcination of kaolinite mineral between 570 and 800 °C (Ambroise et al., 1985; Schvarzman et al., 2003; 
Samet et al., 2007; Habert et al., 2009; Siddique and Klaus, 2009; Bich et al, 2009). MK reacts with the 
Ca(OH)2 released during cement hydration to generate new hydraulic phases. The total of the hydrated phases 
of calcium and silicon obtained in mortars containing  a blend of MK and normal portland cement (PC) are 
higher than the amount of these phases present in mortars made with plain PC (Frías and Cabrera, 2000; Singh 
and Garg, 2006). 
 There are clay rocks deposits containing kaolinite all over the world. However, there are only a few high 
purity deposits and they are usually inaccessible. On the other hand, the industrial process to obtain pure 
kaolinite by removing mineral impurities is technically complex and expensive (Kogel et al., 2006).  
In this paper, two samples of clays taken out from different deposits in Argentina were studied. After 
characterization, calcination and grinding, the pozzolanic activity of these thermally activated clays was 
studied on blended cement containing 30% of calcined clay, and compared with the raw clay characteristics. 
Finally, the relationship between the mechanical performance of mortars with the progress of pozzolanic 
reaction and pore size distribution of mortars were analyzed. 
2. Experimental  
2.1. Materials 
Two kaolinitic clays from Argentina were used: A2 from Rio Negro province and A4 from Santa Cruz 
province. The chemical analysis of both clays is shown in Table 1. A normal Portland cement (PC) was used 
for pozzolanic activity tests. Its chemical composition, determined by the X-ray fluorescence, is also reported 
in Table 1. The mineralogical composition calculated using the Bogue s formula was C3S = 47%, C2S = 22%, 
C3A = 8%, and C4AF = 9%. This PC has a strength class of 40 (standard compressive strength >40 MPa at 28 
days) and its Blaine specific surface was 383 m2/kg. 
Table 1. Percentage chemical analysis and loss on ignition (LOI). 
Sample SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2 SO3 LOI 
A2 51.4 31.3 0.92 0.40 0.19 0.36 0.38 1.42 - 12.15 
A4 65.7 21.1 0.85 0.26 0.22 0.07 0.68 0.43 - 7.77 
PC 19.9 5.5 3.00 58.6 3.81 0.70 1.11 0.34 3.22 3.19 
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2.2. Characterization of kaolinitic clays 
Mineralogical phases present in both samples and the structural disorder degree of kaolinite were identified  
by X-ray diffraction (XRD) using a Philips PW 3710 diffractometer operating with with CuK  radiation at  
40 kV and 20 mA. After mineral identification by XRD, the mineralogical composition was determined using 
the results of chemical analysis (Table 1), according to methodology proposed by (Bich, 2005). To analyze 
the crystallinity of kaolinite, FWHM-001 and FWHM-002 indexes were calculated (Aparicio and Galan, 
1999). The morphological aspect of clays was observed by Scanning Electron Microscopy (SEM, Jeol JSM-
6460LV) on small fragments mounted on the holder and coated with gold films. 
2.3. Treatment of kaolinitic clays 
Both samples (grains <4.0mm) were calcined at 700 °C. The heating rate was 13 ºC per minute from 
ambient temperature up to 700 ºC, with a soaking time at this temperature of 5 min. At the end of this period, 
the sample was cooled in the furnace until it reached 450 ºC, and finally cooled down in a dessicator at 
ambient temperature. Afterwards they were ground in a mortar type mill (Fritsch Pulverisette 2) until all mass 
passed through the 45 m sieve (# 325). Frattini test was carried out according to the procedure described by 
EN 196:5 standard. The tested sample was a blend of 70% of PC and 30% by mass of ground calcined clay. 
This test determines the amount of Ca2+ (expressed as CaO) and OH- in the water in contact with the samples 
stored at 40 °C during 7 and 28 days. Then, the amount of these ions is compared with the solubility isotherm 
of Ca(OH)2 in the alkaline solution at the same temperature, and the calcined clay is considered as an active 
pozzolan when the [Ca2+] and [OH-] determined in the solution are located below the mentioned solubility 
isotherm. 
2.4. Mortars 
Mortars were made with cementing material consisting in a blend of 30 % by mass of ground calcined clay 
and 70 % of PC, and a PC-mortar with 100 % PC. Compressive strength was assessed on mortars cubes (25 x 
25 x 25 mm) made with standard sand (1:3) and a water/cementing material ratio of 0.50. Mortars were 
prepared by mechanical mixing and cast in a mold using a standard compaction. The specimens were cured in 
the molds in a moist cabinet for 24 h and then immersed in water saturated with lime until test age at 20 ± 1 
°C. At 7 and 28 days compressive strength was determined as the average of three values using universal 
testing machine Instron 4485. The progress of pozzolanic reaction in mortars at 7 and 28 days was studied by 
XRD measuring the intensity of Ca(OH)2 peaks (Vejmelková et al, 2010). The microtexture was physically 
characterized at 28 days analyzing the pore size distribution using a Carlo Erba 2000 mercury intrusion 
porosimeter (MIP), in the pore size radius interval between 3.7 and 3400 nm. 
3. Results and Discussion 
3.1. Characterization of kaolinitic clays 
XRD patterns of A2 and A4 kaolinitic clays are shown in Fig. 1. Mineralogical phases identified are: 
kaolinite (K) and quartz (Q) as major constituents, and illite (I) and anatase (A) as minor constituents. The 
intensity of the peaks assigned to kaolinite is higher in A2 clay, while the intensity of peaks assigned to quartz 
is higher in A4. In both clays, the intensity of the peaks assigned to illite and anastase is very low. For 
kaolinite phase, the FWHM-001 and FWHM-002 indexes were determined as the width of half the peak 
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height of the 001 and 002 reflections in degrees. Normal values of these indexes range from > 0,4 (disordered) 
to < 0,3 (ordered) (Aparicio and Galan, 1999). Obtained values were: 0.58 and 0.64 for A2-clay and 0.43 and 
0.40 for A4-clay; concluding that both samples have disordered kaolinite, being A2 the most disordered. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. XRD patterns of kaolinitic clays A2 (a) and A4 (b) 
The mineralogical composition calculated for clays is shown in Table 2. It can be observed that A2 sample 
has high kaolinite content, whereas A4 presents a moderate one. These results are compatible with the 
intensity of peaks assigned to kaolinite in XRD patterns. 
Table 2. Mineralogical Composition Percentage.  
Sample K Q I A 
A2 76 15 3 1.5 
A4 48 41 6 0.5 
 
 
Fig. 2 shows SEM photographs corresponding to the kaolinitic clays used. Agglomerates made up of 
particle union due to electrostatic strengths can be seen. The size of the particles observed oscillates between 
2 and 3 m, being higher in A4. In neither of both samples particles are ordered in only one way, according to 
the structural disorder determined by XRD. 
3.2. Frattini test 
The results of Frattini test at 7 and 28 days are shown in Fig. 3. Both calcined clays consume a large 
proportion of the Ca(OH)2 released during the cement hydration at both ages, being higher the consume for 
the A2 sample. This behavior indicates that both clays could be used as pozzolana in cements, since the points 
obtained (CaO vs. OH-) are situated below the isothermal curve of Ca(OH)2 solubility at 40 °C.. 
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Fig. 2. SEM photographs of kaolinitic clays A2 and A4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Results of  Frattini test 
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3.3. Mortars 
Compressive strength (CS) of mortars at the ages of 7 and 28 days are reported in Table 3. At both ages, 
the mortar made replacing 30% of cement by calcined clay A2 presented the highest compressive strength. 
With calcined clay A4 at 7 days, compressive strength was lower than that obtained from PC-mortar. But at 
28 days, compressive strength was similar, in spite of dilution. At 28 days, the sample containing calcined 
clay A2 reaches a 29% more of the compressive strength than the OPC with a 30 % less of cement. This 
indicates that both calcined and ground clays have pozzolanic properties, even if their effectiveness differs.  
Table 3. Compressive strength of mortars (CS) replacing a 30 % of cement by calcined clay, and 100 % of PC, at 7 and 28 days. 
Mortars 
CS (MPa) 
7 days 28 days 
30 % calcined A2  32 49 
30 %  calcined A4  20 37 
100 %  PC 31 38 
 
When reacting with water, PC hydration produces CaO-SiO2-H2O (C-S-H) improving the strength 
development of mortars, and generating Ca(OH)2. When 30 % of PC is replaced by calcined clay in mortars, 
Ca(OH)2 content is reduced by the dilution of cement and the progress of pozzolanic reaction (Ambroise et 
al., 1985; Kastis et al., 2006). In Fig. 4, the 001 peak of Ca(OH)2 is identified in the XRD-pattern of mortars 
made with  blended cement with 30% of A2 and A4 calcined clays, and in the PC-mortar.. The progress of 
pozzolanic reaction can be semi-quantitatively followed by the decrease of Ca(OH)2 peak from 7 to 28 days.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      (a)      (b) 
Figure 4. XRD mortars at the ages of 7 (a) and 28 (b) days. 
372   A. Tironi et al. /  Procedia Materials Science  1 ( 2012 )  366 – 373 
10 100 1000
0
20
40
60
80
100
PC
A4
Pore radius, nm
A
cc
um
ul
at
ed
 V
ol
um
e,
 m
m
3 /g
A2
 
For PC-mortar, the Ca(OH)2 peak is very intense at both ages. In this case Ca(OH)2 is produced by cement 
hydration, and the assigned peak increases with the reaction age. For A2 clay at 7 days, the intensity decrease 
for the Ca(OH)2 peak observed, exceeds the dilution effect and shows the consumption generated by the 
pozzolanic reaction, being in accordance with the results of compressive strength (Table 1). At 28 days, this 
effect is more remarkable for both clays confirming that they behave as pozzolana. Besides, for A2 at 28 days, 
Ca(OH)2 peak can not be identified, unlike for A4 which practically did not change with respect to that of 7 
days, in spite of the advance of cement hydration. This major reactivity of A2 is directly related with the low 
ordered structure and it reflects in the compressive strength reported above. 
 
Pore size distribution in mortars at the age of 28 days is also modified by the pozzolanic reaction. Fig. 5 
shows the pore size distribution curve for the studied mortars. Table 4 reports some of the data obtained from 
the curves in Fig. 5  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Pore size distribution in mortars at the age of 28 days. 
 
Table 4. Mercury intrusion  porosimetry (MIP) of  mortars at the age of 28 days. Analysis for pore radius between 3.7 and 3400 nm.  
Mortars 
Total accumulated pore 
volume  for pores 3.7 nm 
(mm3/g) 
Accumulated pore 
voulme 3400nm >r < 
25 nm 
(mm3/g) 
Accumulated Pore 
volume 25 nm >r < 
3.7nm 
(mm3/g) 
30 % calcined A2 92.9 17.6 75.3 
30 % calcined A4  93.7 23.6 70.1 
100 %  PC 97.3 28.0 69.3 
373 A. Tironi et al. /  Procedia Materials Science  1 ( 2012 )  366 – 373 
Mortars containing calcined clays showed an accumulated pore volume radius between 3.7 nm and  
3400 nm lower than that observed for PC mortar, whereas they showed differences in pore size distribution. 
The PC mortar showed a pore volume higher than 25 nm, followed by the A4 mortar and later on by the A2 
mortar (Fig. 5, Table 4). For pores smaller than 25 nm, it was observed an inverse order to that previously 
mentioned (Table 4). The reduction of pore size observed could be caused by the pozzolanic reaction. In 
general, pore radius higher than 25 nm (diameter of 50 nm) influences the compressive strength (Metha and 
Monteiro, 1993; Neville, 1981), in correspondence with the results obtained in this paper (Table 3). 
4. Conclusions 
Two kaolinitic clays (A2 and A4) coming from different areas of Argentina, were characterized by 
chemical analysis, X ray diffraction and scanning electron microscope. It was determined that both samples 
have kaolinite phase with a disordered structure, being higher the kaolinite content and the disorder degree in 
the clay identified as A2. Once calcined and ground, both A2 and A4 clays behave as pozzolans, but A2 
presents a better behavior. A2 develops the highest compressive strength, due to an early and higher 
pozzolanic reactivity which produces a reduction of the big size pore quantity.  
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